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K = riit & Direct CPV

CP odd CP even 100 277 G
|K|_>=|K2>+€|K1> € = 3
X £ lindirect
direct CPV r Tl+— —T]oo
CPV ‘_I_I__I_I_> € = 3
CP even

e’ Vs €

> Re (€'/€)exp = 16.6(2.3) x 107
(KTeV, NA48)

> Explained by SM?
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K = itm Amplitude and €’

it phase shifts at mg

/

€ \/§€ i Re A2 Re AO |

Lellouch-Luscher finite volume correction Renormalization matrix

|
A :@%v Vas D[z (1) + i) 23 () (e QK

N Wilson coefs. LQCD

»QCD +pacp)  -9Cb

lat

« Matrix elements < (rir1) | Qi | K > from 3pt correlation functions
e | =2 amplitude has been determined very precisely [PRD91,074502 (2015)]
| =0 challenging — disconnected diagrams, power divergences — main focus
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Calculation w G-parity BC

Re(e'/e) (x10%)

RBC/UKQCD 2015 —m—
RBC/UKQCD 2020 —e—

\ Experiment =—¢—

3+ times more confs

Better control of
excited-state

contaminations
Step scaling in NPR 10 15 20 25 30

35

 PRD 102,054509 (2020)

€

Re <i> — 21.7(2.6)stat(6.2)sys(5.0)ena /1 X 10~
SM

N
\"(r§

Re(€'/€)exp = 16.6(2.3) x 1077

Independent calculations desired b/c of
¢ Phenomenological importance of €’

¢ Relatively large uncertainty compared to exp
¢ Complexity of calculation
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Systematic errors in 2020

Systematic errors on Im Ao

Finite lattice spacing 12%
Wilson coefficients 12%

Lelloch-LUscher FV correction 1.5%
Residual FV correction 7%
Parametric error 6%
Off-shellness 5%
Renormalization 4%
Missing G1 operator 3%

TOTAL 21%
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Systematic errors in 2020

Systematic errors on Im Ao

—» Improvement desired (PBC advantageous)
— Improvement desired
Lelloch-Luscher FV correction 1.5%
Residual FV correction 7%
Parametric error 6%
Off-shellness 5%
Renormalization 4%
Missing G1 operator 3%
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Additional systematic error on €’
> ¢’ could be significantly affected by EM/IB effects (Al = 1/2 rule = ~20%)
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Systematic errors in 2020

Systematic errors on Im Ao

—» Improvement desired (PBC advantageous)
— Improvement desired
Lelloch-Luscher FV correction 1.5%
Residual FV correction 7%
Parametric error 6%
Off-shellness 5%
Renormalization 4%
Missing G1 operator 3%
TOTAL 21%

Additional systematic error on €’ Hope to compute near future (PBC appear necessary)
> ¢’ could be significantly affected by|EM/IB effects (Al = 1/2 rule = ~20%)
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Finite lattice spacing error

Can be fixed by taking continuum limit
> Results with different lattice spacings needed

G-parity BC

» 323 x 64 published [RBC/UKQCD, 2020] o

@ 20
> Need ensemble generation % 15,
> X-conjugate algorithm (~4x speed up for 403 x 64) 10

Example continuum limit

{1 assuming same

relative statistical error 321D
(2020)
481D 401D
(fake) (fake)

Ensembles already generated for periodic BC

0.0 0.1 0.2 0.3 0.4 0.5
a2 [GeV-?]

Volume Q-

323 x 64 1.4 GeV
483 x 96 1.7 GeV

Achievement

243 x 64 1.0 GeV arXiv:2306.06781 / 258 confs

On-going analyses
440 confs
236 confs

Future work

On-going measurements

— ~470 confs

7
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EM/IB effects

Usually O(1%) effects

However € « Re A2 / Re Ao = 1/22.45 (Al = 1/2 rule): small
> Relative of EM+IB on A2 & hence €’ could be O(20%)

Example estimation with NLO ChPT + large Nc¢ expansion = 23%

Developing approaches to introduce EM/IB effects on the lattice
> Coulomb correction to i+t scattering

> Computation of transverse radiation contribution still challenging

*» Periodic BC appear necessary to introduce these effects
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Wilson coefs

<f|Hwli> = % wi () <f|Oi (W)i>
pQCD ~ LQCDh

Wi

[Significant uncertainty remains even at HEs ]

i

perturbative
matching done below
charm threshold

12% error on Ao from wi ' ()

(NLO known) \

Mo 4 wi'(u): precise at HEs
Possible approaches

> NNLO perturbative matching
>  Matching nonperturbatively
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Lattice setup

RBC/UKQCD’s 2+1-flavor MDWF ensembles at physical pion & kaon
masses

> 24° x 64, a" =1.0 GeV (on arXiv)
> 32°x 64, a’' =1.4 GeV (not public yet)
All-to-all quark propagators

> 2,000 low modes for light quarks (no low mode for strange)
> high-mode part: spin, color and time dilutions => 4x3x64 = 768 inversions

AMA in use (fewer configurations for exact)
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Matrix elements

For extraction of ME

- 71/2
E™t, .EXt
e ’e 1 Iarge t1 & to

M (ty, t1) = c®) (t2, t1) C™7(ty)CK(tq)

s M

C"™™ . 2-pt function of it operator
cr . 2-pt function of kaon operator

CB) . K- nm 3-pt function
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Matrix elements

For extraction of ME

- 71/2
E™t, .EXt
e ’e 1 Iarge t1 & to

M (ty, t1) = c®) (t2, t1) C™7(ty)CK(tq)

s M (= < 7o Mev) | Hw | K >)

C"™™ . 2-pt function of it operator
cr . 2-pt function of kaon operator

CB) . K- nm 3-pt function
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Matrix elements

For extraction of ME

- 71/2

E%ﬂrtg EKtl
S S large t1 & to
v M., (= < nEeFentey) | Hw | K >)
Crm(t2)C(t1) n e v

MsT (t2, t1) = CF) (ta, ta)

C.™ : 2-pt function of it operator that couples well with only n-th state
cr . 2-pt function of kaon operator

C(3) . K - rm 3-pt function with n-th rirt operator used in C/ "

Energy-conserving process found for excited mnimt state — confronting PBC approach

Energy of 2 pions in rest frame with PBC

momentum

(non-interacting nr’s case) Energy
n=0 (0,0,0) 2Mr (+ interaction)
=1 ort/L
: L X (10,9 could be =~ mk
n=2 2r/L x (1,1,0)
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Variational method

Solving GEVP (Generalized Eigenvalue Problem)

C(t)\/n (1;7 tO) = \n (1;7 tO)C(tO)Vn (t, to) C(t): N x N correlator matrix Cap(t) = (O, (t)O,(0)7)

> O, = 2.V, .0, only couples with n-th, N+1-th & higher states

> An(t,tg) = e St

Tint operators used In this work:

> Tlp=(0,0,0)TTp=(0,0,0)
> Tlp=(0,0,1)TTp=(0,0,-1) 1
|=2
> np:(0,1,1)]—[p:(0,-1,-1) J
> r[p:(1,1,1)r[p:(-1,-1,-1)
> 0~ {iu + dd
» KK~ KK + KTK™ : new entry
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aEqn from mint 2pt func & GEVP

A A A A A A A o
© © © © © ® ® ® ® D -
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243 x64,1=0
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243 X 64

Plateau appears

25

: t1/a

20}

-0.5F

: Correlated fit result with

t1 = top—tk = 4 && t2 = tin—top = 4 (colored filled data points)

15}
1.0}
0.5}

0.0}

3

5ll—.—|

4 —m— B +—e— 8 +—v— 10 Q2
I
1 2 3 4 6
T — top

0.0

0.2}
0.4}
0.6
0.8
10}

-1.2

Lattice 2023

Masaaki Tomii (UConn)

Effective matrix elements (Al = 1/2)

t1/3.3 5 —e— 7:—A—| 9 —e— :
[T il
1 2 3 4 5 6

14
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Translating to more physical ME

Renormalization (RI/SMOM scheme)

12 2 2 2
P1 P1 P1 P1 U = P1 = P = (Pl _ p2)
RI/SMOM (/) \Q_/ _
" J ——
] N Qi
NP free
P2 P2 % P P2 P2
Amputated vertex functions
] 1 SMOM(g1,4) G 3 / SMOM(g,q) G 3
Interpolation T — S L — osp N
Examples of interpolation of ol |
renormalized ME O __ | 1or
> Linear & quadratic in Enn/mk | " | 12}
» Systematic error estimated as lin vs ! * 1 Ll
quad is small as 1st excited st. | / : .
close to on-shell 0.00 | o 1 O
| at lattice rmt energies —@— : 1.8 ,-at lattice rut energies —@—

0095 06 07 08 09 1 11 12 13 14 15 °%5 06 07 08 09 1 141 12 13 14 15

Em/mK Em/mK
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Results for Ao & €’

Ao
2020 (GPBC) This work
al=1.4GeV al=1.0GeV
Re(Ao) [X1 0-7 Ge\f_ 2.99(32)stat(59)sys 2.84(57)stat(87)sys NPR error became significant
IM(Ao) [x10-11 GeV] -6.98(62)stat(1.44)sys -8.7(1.2)stat(2.6)sys on the coarse lattice
Systematic errors on Im(Ao) Re(c’/ 10-4
finite lat spacing 12% 2% S e(s 8) [X — ] —
RBC/UKQCD —@—
Wilson coefs. 12% 12% GPBC 2015+ —@— Experiment —li— -
Others 12% 16%
GPBC 2020 f —@
Re(e'/e)
stat sys EM/IB
> This work: 0.00294(52)(111)(50) This work 2023 { = o
> 2020 (GPBC): 0.00217(26)(62)(50)
> Experiment: 0.00166(23) PDG 2012-227 -

-10-5 0 5 10 15 20 25 30 35 40 45
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Summary & Outlook

Main sources of systematic errors at the moment

> Finite lattice spacing - Easier to take continuum limit with PBC as we already have lattice ensembles

> Wilson coefficients - NP matching study underway, planned to be incorporated in the next paper
> EM/IB effects - Theoretical approach being developed [Christ et al, PRD106, 014508 (2021)]
with PBC

We are successful in
> Extracting excited-state signals

> Determining K — it amplitudes & €” with a certain precision (243 x 64, 258 confs)

We are now pushing harder to increase statistics & go to finer lattices
> 440 confs (243 x 64, a1 = 1.0 GeV) & 470 confs (323 x 64, 1.4 GeV) coming soon

> Not far from getting closer to experimental precision!
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